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INTRODUCTION

The term ‘Triple Negative Breast Cancer’ (TNBC) represents a heterogeneous group of diseases
and clearly does not comprise a “single entity”. While triple-negative cancer is not a synonym
for basal-like cancer, basal-like cancers are preferentially negative for estrogen receptor (ER)
and progesterone receptor (PR) and lack human epidermal growth factor receptor 2 (HER2)
expression. While it is clear that all TNBC does not fall into the basal-like phenotype and vice
versa, there is microarray-based gene expression analysis demonstrating a significant overlap (1).
Clinical similarities also exist between triple-negative tumors and basal-like tumors including: a
higher prevalence in African-American women, greater frequency in younger patients, and a
more aggressive phenotype than other molecular subgroups. EMT (epithelial to mesenchymal
transition) is the process by which epithelial cells convert to mesenchymal cells and is essential
in embryonic development. It appears that aberrant activation of EMT later in life drives cancer
progression, and is involved in highly aggressive, poorly differentiated breast cancers with
increased potential for metastasis and recurrence (2). Basal-like breast carcinomas express genes
associated with an EMT phenotype and is found in normal basal/myoepithelial cells of the
breast, including high-molecular-weight ‘'basal' cytokeratins, vimentin, and N-cadherin.
Interestingly invasive breast cancers with a mesenchymal (basal-like) phenotype have been
described to exhibit the loss of expression of certain miRNAs (3). MicroRNA’s are a class of
short non-coding RNAs found in many plants and animals and often act post-transcriptionally to
inhibit gene expression. It has been shown that cells that had undergone EMT in response to
TGF-p demonstrated marked downregulation of miR-200 family members, while enforced
expression of miR-200 was sufficient to prevent TGFB-induced EMT (4). Epigenetic alterations
including modification of histones and others proteins by acetylation and/or phosphorylation
play critical roles in the control of gene regulation. Inhibitors of HDACs (HDACI) function to
block the deacetylation of histones by HDACs, which in turn blocks the inhibition of gene
expression including miRNA expression. Using microRNA array analysis, a rapid alteration of
miRNA levels in response to HDACI in the breast cancer cell line SKBr3 has been reported (5).
The work described here tests the hypothesis that HDACIi-induced increases of miRNA levels
regulate the epithelial-to-mesenchymal transition in TNBC. These results indicate the potential
therapeutic uses of HDACI to reverse the EMT phenotype and metastatic progression of TNBC.
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Task 1. HDAC analysis of miRNA profiles in triple-negative breast cancer cells.

Completed

Results have recently been published in our manuscript “The histone deacetylase inhibitor
trichostatin A alters microRNA expression profiles in apoptosis-resistant breast cancer cells”,
Oncology Reports 27: 10-16, 2012; Additional data are included in a manuscript currently in
preparation titled “The pan-deacetylase inhibitor LBHS589 up-regulates anti-metastatic
microRNAs miR-335 and miR-203 in triple-negative breast cancer cells” to be submitted to
Cancer Research.

Task 2. gPCR validation of HDAC regulated miRNAs.
Task 2a. qPCR validation of HDAC regulated miRNAs.

This task is ongoing due to the large number of HDACIi-induced changes across a variety of
TNBC cell lines. Results thus far indicate consistent changes in the microarray and qPCR.
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Task 2b. Determine effects of HDACi on EMT phenotype of TNBC cells.

This task is ongoing. Data in our MDA-MB-231 cells treated with HDACi (100nM)
demonstrating a significant increase in E-cadherin expression by flow cytometry and ELISA, as
well as increased E-cadherin protein expression by IF in xenograft tumors have been published
(“Targeting triple-negative breast cancer cells with the HDAC inhibitor Panobinostat” BCR,
accepted for publication April 16", 2012). Studies examining vimentin expression, a
mesenchymal cell marker, following HDACI treatment are also being conducted, but we do not
have the results at this time.
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To confirm the effects previously observed that HDAC treatment inhibited cell migration in our
MDA-MB-231 and MDA-MB-468 cell lines, we further tested the effects on our other TNBC
lines MDA-MB-157 and BT-549. Treatment with an HDACi (100 nM) for 24hrs results in
decreased migration of TNBC cell lines. Additionally, preliminary results with MDA-MB-231
cells treated with an HDACi (100 nM) for 24 hours revealed a decreased ability to invade
through a matrigel coated membrane. These results are included in a manuscript currently in
preparation anticipated to be submitted to Clinical Cancer Research titled “LBH589 inhibits
metastasis in triple-negative breast cancer through regulation of microRNA and EMT” which
explores the HDACi mechanism of EMT regulation.
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Task 3. Anti-miR strategies to reverse effects of HDACi and miR on EMT.

This task has been initiated. We have generated stable cell lines expression the following miRs in
our TNBC cell lines: miRs 194, 200b, 215, and 335. Biological characterization of these cells,
including analysis for effects of on EMT phenotype, are ongoing.

Task 4. miR lentiviral expression library analysis of effects on EMT-MET in triple-
negative breast cancer cells.

Complete

Bt-549 cells have been transduced with a miRNA lentiviral library (miR eGFP tagged). Initial
screens are ongoing to identify miRs regulating EMT-MET in TNBC. Cell samples are to be sent
for sequencing next month.

Task 5. Follow up analyses for miR library screen.

The experiments outlined below are currently ongoing due to the time it took to optimize the
lentiviral library screen above.

Task 5a. gPCR confirmation of miRNA expression in the library transduced TNBC cells.

Cell samples from task 4 are to be sent for sequencing next month to identify the miRs which
regulate EMT-MET. Once identified, individual miRs will be transfected into TNBC cells and
stable cell lines generated and confirmed by gPCR.
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Task 5b. Determine effects of miR expression on TNBC EMT phenotype.

Cell lines generated in task 5a will be analyzed for effects of miR expression on proliferation,
migration/invasion, and expression of epithelial and mesenchymal cell markers. These
experiments are currently being conducted on the stable cell lines we have already generated
from task 3 (miR-200b).

Task 5c. Validation of miR effects on target gene expression.

This task is currently ongoing. TargetScan algorithms are being used to predict targets for miR
identified in the above tasks as well as those previously identified in tasks 2 and 3. The effects of
miR expression on predicted targets will be tested by qPCR analysis.
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KEY RESEARCH ACCOMPLISHMENTS

e |dentified HDACIi-induced miR changes in TNBC cell lines, many of which have been
implicated in EMT and metastasis regulation.

e Demonstrated increased expression of E-cadherin in TNBC cells following treatment
with HDACI, indicating the reversal of the EMT phenotype.

e Demonstrated inhibition of cell migration of TNBC cell lines treated with HDACi.

REPORTABLE OUTCOMES

Rhodes LV, Bratton MR, Zhu Y, Tilghman SL, Muir SE, Salvo VA, Tate CR, Elliott S, Nephew
KP, Collins-Burow BM, and Burow ME. Effects of SDF-1-CXCR4 signaling on microRNA
expression and tumorigenesis in estrogen receptor-alpha (ER-a)-positive breast cancer cells,
Experimental Cell Research 2011, 317: 2573-2581.

Rhodes LV, Nitschke AM, Segar HC, Martin EM, Driver JL, Elliott S, Nam SY, Li M, Nephew
KP, Burow ME, and Collins-Burow BM. The histone deacetylase inhibitor trichostatin A alters
microRNA expression profiles in apoptosis-resistant breast cancer cells, Oncology Reports 2012,
27:10-16.

Tate CR, Rhodes LV, Segar HC, Driver JL, Pounder FN, Burow ME, and Collins-Burow BM.
Targeting triple-negative breast cancer cells with the HDAC inhibitor Panobinostat, Breast
Cancer Research, Accepted for publication April 16", 2012.

CONCLUSION

As triple-negative breast cancer has not benefited from the advances seen in the realm of
endocrine and targeted therapy thus far, it is imperative to develop novel treatment strategies for
this disease. Our results reported here have identified putative microRNAs, regulated by HDAC
inhibitors, whose altered expression may play a role in the initiation of an invasive phenotype.
Validation of the biological roles of these microRNAs in the regulation of EMT holds promise as
therapeutic targets for the reversal of the invasive and metastatic phenotype associated with the
lethality of triple-negative breast carcinoma.
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ARTICLEINFORMATION ABSTRACT
Article Chronology: The majority of breast cancer cases ultimately become unresponsive to endocrine therapies, and this
Received 21 January 2011 progression of breast cancer from hormone-responsive to hormone-independent represents an area
Revised version received in need of further research. Additionally, hormone-independent carcinomas are characterized as
5 August 2011 being more aggressive and metastatic, key features of more advanced disease. Having previously
Accepted 23 August 2011 shown the ability of the stromal-cell derived factor-1 (SDF-1)-CXCR4 signaling axis to promote
Available online 30 August 2011 primary tumorigenesis and hormone independence by overexpressing CXCR4 in MCF-7 cells, in this
study we further examined the role of SDF-1/CXCR4 in the endogenously CXCR4-positive, estrogen
Keywords: receptor o (ER-av)-positive breast carcinoma cell line, MDA-MB-361. In addition to regulating
SDF-1 estrogen-induced and hormone-independent tumor growth, CXCR4 signaling stimulated the
CXCR4 epithelial-to-mesenchymal transition, evidenced by decreased CDH1 expression following SDF-1
microRNA treatment. Furthermore, inhibition of CXCR4 with the small molecule inhibitor AMD3100 induced
Breast carcinoma CDHI1 gene expression and inhibited CDH2 gene expression in MDA-MB-361 cells. Further, exoge-
Hormone independence nous SDF-1 treatment induced ER-a-phosphorylation in both MDA-MB-361 and MCF-7-CXCR4
AMD3100 cells, demonstrating ligand-independent activation of ER-a through CXCR4 crosstalk. qPCR microRNA

array analyses of the MDA-MB-361 and MCF-7-CXCR4 cell lines revealed changes in microRNA ex-
pression profiles induced by SDF-1, consistent with a more advanced disease phenotype and further
supporting our hypothesis that the SDF-1/CXCR4 signaling axis drives ER-a-positive breast cancer
cells to a hormone independent and more aggressive phenotype. In this first demonstration of SDF-

* Corresponding author at: 1430 Tulane Ave. SL-78, New Orleans, LA 70112, USA. Fax: +1 504 988 5483.
E-mail addresses: Lvanhoy@tulane.edu (L.V. Rhodes), mbratton@tulane.edu (M.R. Bratton), yun.zhu@orlandohealth.com (Y. Zhu),
stilghma@xula.edu (S.L. Tilghman), shmuir@ucsd.edu (S.E. Muir), vsalvo@psm.edu (V.A. Salvo), ctate@tulane.edu (C.R. Tate), selliot@tulane.edu
(S. Elliott), knephew@indiana.edu (K.P. Nephew), bcollin1@tulane.edu (B.M. Collins-Burow), mburow@tulane.edu (M.E. Burow).

0014-4827/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.yexcr.2011.08.016
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1-CXCR4-induced microRNAs in breast cancer, we suggest that this signaling axis may promote tu-
morigenesis via microRNA regulation. These findings represent future potential therapeutic targets
for the treatment of hormone-independent and endocrine-resistant breast cancer.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Chemokines are a family of structurally related glycoproteins,
originally described as molecules mediating chemotactic events
[1,2]. Stromal cell-derived factor-1 (SDF-1), also known as CXCL12,
is a member of the CXC chemokine subfamily and the only known
ligand for CXC chemokine receptor 4 (CXCR4). Though involved
in many biological processes, the SDF-1-CXCR4 signaling axis has
been shown to play important roles in breast cancer [2,3]. CXCR4
is overexpressed in both primary invasive and in situ ductal carcino-
mas, suggesting an important role for the SDF-1-CXCR4 axis at all
stages of the disease [4]; however, the impact of CXCR4 signaling
in primary breast tumorigenesis remains to be clearly defined.

Estrogen receptor alpha (ER-at) status is a widely used prog-
nostic marker of breast carcinoma, and it has long been known
that estrogen has the ability to promote breast tumor formation
and proliferation [5,6]. Inhibition of ER-ot signaling abrogates the
tumor promoting effects of estrogen [5,7-10]; these effects are re-
sponsible for the successful application of targeted therapies such
as tamoxifen, fulvestrant (ICI 182,780), and aromatase inhibitors.
Despite the effectiveness of these therapies, approximately half
of ER-a-positive breast cancer patients exhibit de novo resistance,
while those initially responsive will eventually develop resistance
[11]. The progression to endocrine-resistance and hormone-inde-
pendence represent hallmarks of progressive carcinoma [12,13].
We have recently demonstrated the ability of CXCR4 overexpres-
sion to promote hormone-independent tumorigenesis in the nor-
mally ER-a (+), estrogen-dependent MCF-7 breast carcinoma cell
line [14]. SDF-1 is a known ER-oi-mediated gene, and our data as
well as others, support the existence of an ER-o-SDF-1/CXCR4
crosstalk [14,15], which may strongly contribute to the progression
to hormone independence.

In addition to being overexpressed in a number of malignant
cancers including breast, CXCR4 is a known mediator of metastasis
[3,16-18]. The pro-metastatic effects of SDF-1/CXCR4 signaling in
breast cancer can be inhibited through the use of blocking antibodies,
small molecule inhibitors, as well as heparin oligosaccharides
[4,14,19]. Further, SDF-1 and CXCR4 expression have been associated
with the epithelial-to-mesenchymal transition (EMT) phenotype,
characterized by the loss of epithelial markers (E-cadherin, Zo-1)
and the gain of mesenchymal surface markers (N-cadherin, vimentin),
a key step in the progression to a metastatic phenotype [14,20,21].
In addition, EMT has been shown to be regulated by microRNAs
(miRNA) [22-24], small non-coding RNA (18-22 nucleotides) that
downregulate the expression of target genes by degradation of
mRNA or inhibition of translation [25]. Despite evidence of other
chemokines mediating miRNA expression as well as miRNA target-
ing of chemokine signaling [26-28], the effects of SDF-1-CXCR4
signaling on miRNA expression in breast cancer have not yet been
examined. This is of particular interested in the area of breast cancer
research as the SDF-1-CXCR4 axis is emerging not only as a regula-
tor of cell metastasis, but also in primary cancer tumorigenesis,

hormone independence, and disease progression [4,14]. Insight
into the mechanism of SDF-1-CXCR4 action in breast cancer may
provide future therapeutic targets for the development of novel can-
cer treatments.

The purpose of this study was to investigate the effects of CXCR4
signaling on primary tumorigenesis, EMT phenotype, and regulation
of ER-a phosphorylation in the endogenously ER-at (+)/CXCR4 (+)
breast carcinoma cell line MDA-MB-361. To gain further mechanis-
tic insight into the SDF-1-CXCR4 axis, we compared miRNA profiles
of MDA-MB-361 cells with an MCF-7 cell line artificially overexpres-
sing CXCR4 [14]. This is the first report of hormone-dependent and
-independent regulation of MDA-MB-361 tumorigenesis by the
SDF-1-CXCR4 axis and provides compelling evidence that SDF-1 in-
duces gene, protein, and miRNA expression changes consistent with
a more aggressive phenotype.

Materials and methods
Cells and reagents

The MDA-MB-361 cell line (ER-a-positive human breast cancer cell
line) was acquired from ATCC. The MDA-MB-361 cell line was cho-
sen for these studies due to their ER-a-positive status as well as high
basal level expression of CXCR4 [14]. The MCF-7 cell line overex-
pressing CXCR4 was generated as previously published [14], and
cells were cultured as previously described [29,30]. Anti-CXCR4
blocking antibody was purchased from R&D Systems (Minneapolis,
MN) and AMD3100 from Sigma-Aldrich (St. Louis, MO).

Animal studies

Primary xenograft tumor studies were performed as described
[29,30]. MDA-MB-361 cells were harvested and viable cells mixed
with Matrigel Reduced Factors (BD Biosciences, San Jose, CA).
5x10° cells were injected bilaterally into the mammary fat pad of
4-6 weeks old ovariectomized female Nu/Nu mice. Tumor size was
monitored by digital caliper and tumor volume calculated with the
formula: 4/3nLM? (L=larger radius, M=smaller radius). Anti-
CXCR4 treatment groups were injected with cells mixed with 50ul
matrigel containing anti-CXCR4 blocking antibody (75 ng/injection)
or IgG control. AMD3100 treatment experiment animals were
injected intraperitoneally (i.p.) with AMD3100 (5 mg/kg/animal)
suspended in DMSO and PBS (1:5) once daily for the duration of
the study. Specific treatment start dates are indicated in the corre-
sponding figure legend. Experimental groups, n = 5. All procedures
involving animals were conducted in compliance with State and
Federal laws, U.S. Department of Health and Human Services, and
guidelines established by Tulane University Animal Care and Use
Committee. The facilities and laboratory animal programs of the
University are accredited by the Association for the Assessment
and Accreditation of Laboratory Animal Care.
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RNA isolation and quantitative realtime PCR

Total RNA was isolated from cultured cells using RNeasy (Qiagen,
Valencia, CA) following manufacturer's protocol and the quantity
and quality determined by absorbance (260, 280 nm). 2 g total
RNA was reverse-transcribed (iScript kit; BioRad Laboratories, Her-
cules, CA) and analyzed by real-time PCR [31]. Primer sequences
are as follows (Invitrogen, Carlsbad, CA): 3-Actin (5’-TGAGCGCGGC-
TACAGCTT-3": 5'-CCTTAATGTCACACACGATT-3’), CXCR4 (5’-GCAT-
GACGGACAAGTACAGGCT-3"; 5'-AAAGTACCAGTTTGCCACGGC-3'),
CDH1 (5;-AGGTGACAGAGCCTCTGGATAGA-3’; 5'-TGGATGACA-
CAGCGTGAGAGA-3’), CDH2 (5;-GCCCCTCAAGTGTTACCTCAA-3’; 5'-
AGCCGAGTGATGGTCCAATTT-3'), forward and reverse, respectively.

Reverse transcriptase-polymerase chain reaction

2 pg total RNA (above) was used to synthesize cDNA transcribed with
SuperScript IIl (Invitrogen, Carlsbad, CA) and mRNA amplified. Primer
sequences are as follows (Invitrogen, Carlsbad, CA): CXCR4 (5’-AGTA-
TATACACTTCAGATAAC-3’; 5’-CCACCTTTTCAGCCAACAG-3’); SDF-1
(5’-GCCAGAGCCAACGTCAAGCATCTC-3"; 5'-GGCAAAGTGTCCAAAA-
CAAAGCCC-3’); PgR (5'-GAATTTAGCGGGGATCCA-3’; 5'-TGCCA-
CACTTCGATTTGT-3’); BCL2 (5'-CGCCCTGTGGATGACTGAGT-3’; 5'-
GGGCCGTACAGTTCCACAA-3’); VEGF (5'-GCAGAAGGAGGAGGGCA-
GAATC-3’; 5'-GGCACACAGGATGGCTTGAAGATG-3’); GAPDH (5'-
ACAGTCAGCCCGCATCTTCTIT-3’; 5-GACAAGCTTCCCGTTCTCAG-3').

CDH1 ELISA

The human sE-Cadherin ELISA was carried out according to the
manufacturer's protocol. Briefly, MDA-MB-361 cells (10* cells/
well) were plated overnight and treated for 72 h with SDF-1
(100 ng/ml) or vehicle control. After cell lysis and centrifugation,
the cytoplasmic fractions were diluted 1:1 with calibrator diluent
and the level of E-cadherin (CDH1) determined by sE-Cadherin
ELISA (DCADEO; R&D Systems, Minneapolis, MN). The absorbance

was read on a Bio-Tek Synergy plate reader (Winooski, VT) at
450 nm. Data represented as mean percent control & SEM. Assays
were run in triplicate with internal duplicate drug treatments.

Western blot analysis

Western blot analyses were conducted as published [32]. After 72 h
in phenol red-free DMEM medium supplemented with 5% charcoal-
stripped fetal bovine serum (CS-FBS), cells were refed with medium
containing SDF-1 (100 ng/ml). Cells were harvested at the indicated
time points (0-120 min) in PBS/EDTA. Membranes were probed
with primary antibodies according to manufacturer's protocol. Anti-
bodies are phospho S118, phospho S167 (Cell Signaling Technology,
Danvers, MA), total ER-a, Rho-GDI (Santa Cruz Biologicals, Santa
Cruz, CA). IR-tagged secondary antibodies were purchased from
Li-Cor Biosciences. Blots were analyzed by the Odyssey Infrared
Imaging System (Li-Cor Biosciences, Lincoln, NE). Experiments
were conducted in triplicate.

microRNA qPCR array

The Human Cancer microRNA RT? Profiler™ PCR Arrays (MAH-
102A) were obtained from SABiosciences (Frederick, MD). MDA-
MB-361 or MCF-7-CXCR4 cells were plated in 5% CS DMEM at
50% confluency and treated 24 h later with SDF-1 (100 ng/ml) or
vehicle for 24 h. Cells were harvested and total RNA, including
small RNA, was isolated using the miRNeasy kit per manufacturer's
instructions (Qiagen, Valencia, CA). The quantity and quality of the
RNA were determined by absorbance at 260 and 280 nm using the
NanoDrop ND-1000 spectrophotometer (NanoDrop, Wilmington,
DE). Total RNA (1.5 pg) was reverse-transcribed using the miRNA
RT? First Strand cDNA synthesis kit following manufacturer's proto-
col (SABiosciences, Frederick, MD) and assayed via an optimized,
real-time RT-PCR reaction for expression of 84 miRNA genes related
to cancer regulation according to the manufacturer's protocol.
Experiments were run in triplicate.
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Fig. 1 - CXCR4 expression drives estrogen-stimulated MDA-MB-361 tumorigenesis. (A) MDA-MB-361 cells were harvested for RNA
isolation and basal expression of CXCR4 examined by qPCR compared to MCF-7 and MDA-MB-231 cells. Bars represent mean fold
expression + SEM of triplicate experiments. (B-C) Female, 4-6 weeks old, ovariectomized Nu/Nu mice (n= 5/group) were injected
(MFP) with 5x 106 MDA-MB-361 cells in 50ul of Matrigel. Animals were implanted with 17B-estradiol (0.72 mg, 60 day time
release) pellets subcutaneously in the dorsal neck. (B) Matrigel injections contained isotype IgG or anti-CXCR4 (75 ng/injection)
antibodies. (C) Following tumor formation (11 days post cell injection), animals were treated with twice daily i.p. injections of
vehicle or AMD3100 (5 mg/kg/animal). Tumors were measured by digital caliper. Data represented as average tumor volume

(mm?) &+ SEM. *p<0.05, **p<0.01.
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Statistical analysis

Studies involving >2 groups analyzed by one-way ANOVA with
Tukey's post-test; all others were subjected to unpaired Student's
t-test (Graph Pad Prism V.4). p-Values < 0.05 were considered sta-
tistically significant.

Results

CXCR4 signaling regulates estrogen-stimulated MDA-MB-361
tumorigenesis

CXCR4 gene expression levels were confirmed by qPCR in the
MDA-MB-361 breast cancer cell line (3.62 + 0.82 fold, p <0.05) com-
pared to the known ER-at (+)/CXCR4™" MCE-7 cell line (set to 1) and
the ER-at (—)/CXCR4"" MDA-MB-231 cell line (5.09+1.14 fold,
p<0.05) (Fig. 1A). RT-PCR analysis of cells treated with estrogen
(100pM) for 18 h revealed increased levels of ER-oi-mediated genes
including PgR, BCL2, and VEGF-A (Supplemental Fig. 1A) confirming
intact ER-a signaling in our MDA-MB-361 cell system. Additionally,
SDF-1, an ER-a-inducible gene [33], was increased 4.8 +0.34 fold
(p<0.001) in response to estrogen stimulation (Supplemental Fig.
1B), further demonstrating a link between ER-o signaling and the
SDF-1/CXCR4 axis.

We have previously shown that artificial CXCR4 overexpression
enhances tumor growth in the ER-a-dependent MCF-7 breast carci-
noma cell line [14]. Therefore, having confirmed endogenous ex-
pression of CXCR4 in the MDA-MB-361 cell line, the effects of
CXCR4 signaling on MDA-MB-361 tumorigenesis were examined
using our well established xenograft tumor model [14]. 4-6 week
old ovariectomized female nude mice supplemented with 17p-
estradiol pellets (0.72 mg, 60 day release) were injected with
MDA-MB-361 cells in the mammary fat pad (MFP). Results revealed
decreased estrogen-stimulated tumor volume in animals injected
with MDA-MB-361 cells mixed with matrigel containing anti-
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CXCR4 blocking antibody (57.7 +23.7 mm?>, p<0.01) compared to
isotype control (164.8 & 19.8 mm?; Fig. 1B) on day 46 post cell injec-
tion, as well as animals treated with daily injections of AMD3100
(159.4+19.0 mm>, p<0.05) compared to vehicle control animals
(241.2 4+ 37.8 mm?>; Fig. 1C) on day 25 post cell injection. These re-
sults reveal a role for SDF-1/CXCR4 signaling in hormone-driven
tumorigenesis of MDA-MB-361 cells.

CXCR4 expression drives hormone-independent MDA-MB-361
tumorigenesis

Though MDA-MB-361 cells remain estrogen-responsive both in
vitro and in vivo, these cells also possess the ability to grow indepen-
dently of estrogen in a xenograft model (Supplemental Fig. 1C). Pre-
vious work from our lab demonstrated the ability of CXCR4
overexpression to induce hormone-independent tumorigenesis in
an artificial system [14]; therefore, the effect of CXCR4 signaling on
MDA-MB-361 hormone-independent tumorigenesis was also exam-
ined. 4-6 week old ovariectomized female nude mice were injected
with MDA-MB-361 cells in the MFP in the absence of estrogen. Fol-
lowing detectable tumor formation (day 26 post cell injection), ani-
mals were randomized into treatment groups which received daily
i.p. injections of the CXCR4-specific inhibitor AMD3011 (5 mg/kg)
or vehicle control for 15 days. As shown in Fig. 2A, at day 41 post
cell injection, tumor volume in animals treated with AMD3100 was
significantly decreased (33.6 + 7.8 mm?, p <0.05) compared to vehi-
cle treated animals (73.6 +11.1 mm?).

CXCR4 signaling promotes the epithelial-to-mesenchymal
transition

The SDF-1/CXCR4 axis is a known mediator of cell migration and
metastasis [1,3,34,35] and the expression of CXCR4 is correlated
with decreased patient survival [14,36,37]. Furthermore, the ac-
quisition of mesenchymal characteristics through the process
known as epithelial-to-mesenchymal transition (EMT) has been
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Fig. 2 - CXCR4 signaling drives MDA-MB-361 hormone-independent tumorigenesis and stimulates EMT. (A) 4-6 week old Nu/Nu
ovariectomized female mice were injected (MFP) with 5x 10 MDA-MB-361 cells mixed with matrigel (reduced factor). After tumor
formation (day 26 post cell injection), animals were randomized into treatment groups and received once daily i.p. treatment with
the CXCR4 inhibitor AMD3100 (5 mg/kg/animal) or vehicle control. Tumors were measured by digital caliper. Data represented
as average tumor volume (mm?) + SEM. (B) qPCR analysis of EMT-related genes, CDH1 and CDH2, in MDA-MB-361 cells treated
with AMD3100 (5 pg/ml) for 48 h. Bars represent mean fold change 4 SEM of triplicate samples, vehicle normalized to 1. (C) CDH1
protein levels as detected by CDH1 ELISA of MDA-MB-361 cells treated with SDF-1 (100 ng/ml) for 72 h. Bars represent mean
percent positive + SEM of triplicate samples, vehicle normalized to 100%. *p<0.05; **p<0.01; ***p<0.001.
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associated with increased migration, invasion, and metastasis
[38]. Therefore, we next examined the role of CXCR4 signaling
on EMT-related genes by qPCR analyses. Inhibition of CXCR4
by AMD3100 (5 pgml) in MDA-MB-361 cells for 48 h resulted in
increased expression of CDH1 (2.3240.05 fold, p<0.05), a well
known epithelial cell marker, and decreased expression of CDH2
(—1.44+0.39 fold, p<0.01), a mesenchymal cell marker, com-
pared to vehicle treated cells (normalized to 1; Fig. 2B). Additionally,
as illustrated in Fig. 2C, SDF-1 treatment (100 ng/ml) for 72 h was
sufficient to decrease CDH1 protein expression by 25% compared
to controls as determined by ELISA (from 100% to 74.94 4+-0.9398%;
p<0.001).

SDF-1 induces ER phosphorylation and microRNA expression
changes concordant with a more advanced tumor phenotype

To determine if the effects of CXCR4 signaling on hormone-indepen-
dence were mediated through activation of the ER, western blot anal-
ysis for phosphorylated ER-a was conducted. Analysis of MDA-MB-
361 cells (Fig. 3A) and our previously characterized MCF-7 cell line
stably overexpressing CXCR4 (MCF-7-CXCR4, Fig. 3B) revealed a
time-dependent increase in ER-a phosphorylation at both S118 and
S167 following SDF-1 treatment (100 ng/ml). These data suggest
the hormone-independent phenotype observed may be due, at least
in part, to the existence of an SDF-1/CXCR4-ER-« crosstalk, in both
an artificial (MCF-7-CXCR4) and an endogenous (MDA-MB-361)
cell system, consistent with previous reports [14,15].

Altered miRNA expression is a common characteristic of many
cancers, including breast, and their effects, both oncogenic and
tumor suppressive, are exerted via regulation of many processes
including tumorigenesis [39], hormone independence and endo-
crine resistance [40-43], EMT [44] and metastasis [45]. miRNA
gPCR superarray analyses of MDA-MB-361 cells (Fig. 3C) and
MCF-7-CXCR4 cells (Fig. 3D) treated with SDF-1 for 24 h revealed
a number of changes in the miRNA expression compared to vehicle
treated cells. Clustergrams shown in Fig. 3B-C illustrate miRNA ex-
pression changes for 3 independent samples. Table 1 displays the
miRNAs found to have significantly (p<0.01) changed expression
in response to SDF-1 treatment (miRNAs commonly altered be-
tween both cell lines are listed first).

Discussion

CXCR4 expression is highly correlated with decreased breast carci-
noma patient survival [14,36,37] and the SDF-1-CXCR4 axis is a
known regulator of cancer metastasis [34-37,46,47]. Consistent
with the role of CXCR4 in cancer cell proliferation, survival and
metastasis, patient data now show that persons diagnosed with
CXCR4(+) tumors have a significantly worse survival prognosis
than those with CXCR4(—) tumors, independent of ER status
[14,36]. Studies examining CXCR4 expression in clinical breast car-
cinoma samples revealed CXCR4 expression in both primary inva-
sive breast carcinomas as well as ductal carcinoma in situ (DCIS),
suggesting a role for the SDF-1-CXCR4 axis at all stages of the dis-
ease [4]. Despite numerous studies on the SDF-1-CXCR4 axis, its
role in primary tumorigenesis is not fully understood. Using the
endogenously CXCR4 and ER-a-positive MDA-MB-361 breast car-
cinoma cell line in addition to our MCF-7-CXCR4 cell line, we have
shown here that inhibition of SDF-1-CXCR4 signaling reduces

both hormone-independent and estrogen-induced tumorigenesis
in vivo. Furthermore, we show the ability of SDF-1 treatment to in-
duce phosphorylation of the ER-a at both S118 and S167, indicating
ligand-independent activation, and further supporting the exis-
tence of SDF-1/CXCR4-ER-a crosstalk in the regulation of hormone-
independence.

Analysis of miRNAs regulated by SDF-1 using qPCR revealed
key miRNAs involved in ER-a regulation. miRNAs miR-222, miR-
206, and miR-18b, miRNAs previously shown by us and others to
target ER-a [48-50], were aberrantly expressed following stimu-
lation with SDF-1. Importantly, miR-222 is not only a known re-
pressor of ER-at gene expression, but has also been implicated in
establishing resistance to both tamoxifen [51] and, more recently,
fulvestrant [41]. It has been suggested that miR-222 is involved in
the transition from an ER-o¢ () status to an ER-a (—) one, indica-
tive of the progression to a more advanced phenotype [49]. Further-
more, SDF-1 induced the expression of miRNAs commonly shown to
be upregulated in ER-oe (—) breast cancer profiles, including miR-
222, miR-206, and miR-181 d [49,52]. Taken together, these data
suggest that the SDF-1-CXCR4 axis mediates hormone indepen-
dence and the progression to a more aggressive phenotype through
mechanisms including miRNA expression changes and ER-a
regulation.

While progression to hormone independence is a hallmark of
advanced breast carcinomas which ultimately progress to more
invasive and metastatic phenotypes [53], and the link between
SDF-1/CXCR4 expression and breast cancer metastasis has been
clearly documented [3,16,35], we demonstrate here that SDF-1
also stimulates the EMT, a key feature of metastatic cells, through
decreased expression of the epithelial marker CDH1. Furthermore,
inhibition of CXCR4 signaling with AMD3100 revealed inverse ef-
fects with increased CDH1 gene expression and decreased expres-
sion of CDH2, a mesenchymal cell marker. While the precise
mechanism is currently unknown, we believe these data, along
with our previously published work [14], suggest SDF-1/CXCR4
regulation of EMT.

Regulation of miRNA expression might represent one possible
mechanism underlying SDF-1 regulation of EMT. gPCR miRNA ana-
lyses revealed significant SDF-1-induced changes in expression of
miRs associated with the regulation of cellular invasion and metasta-
sis. Well established metastatic-inducing miRNAs miR-214, miR-
222, and miR-373 were increased following treatment with SDF-1
[54-57]. SDF-1 also upregulated miRNAs miR-143 and miR-142-5p,
which have been reported to be increased in profiling studies of met-
astatic versus non-metastatic tumor samples [58-60]. These data
suggest that altered miRNA expression may play a role in the ability
of SDF-1 to induce a more mesenchymal phenotype in MDA-MB-
361 and MCF-7-CXCR4 cells.

The current study demonstrates a role for SDF-1-CXCR4 signal-
ing in both estrogen-induced and hormone-independent tumori-
genesis of the endogenously CXCR4-positive, ER-oc (+) breast
cancer cell line MDA-MB-361. Furthermore, SDF-1 treatment in-
duced changes in miRNA expression, demonstrated here for the
first time, consistent with hormone independence and metastasis.
In addition to furthering our knowledge of the role of the SDF-1-
CXCR4 axis in the progression of breast carcinoma, these data pro-
vide insight into the effects of SDF-1-CXCR4 signaling on miRNA
expression, a novel alternative mechanism which may provide fu-
ture therapeutic targets for the treatment of ER-a (+), CXCR4
(+), hormone-independent breast disease.
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Table 1 - SDF-1-induced microRNA expression changes in Table 1 (continued)

CXCR4-positive breast carcinoma cells. MCE-7-CXCR4
MDA-MB-361 microRNA Fold change p-Value
microRNA Fold change p-Value
149 5.07 <0.05
18b 1.82 <0.01 181a 3.78 <0.001
96 1.39 <0.01 181b 6.73 <0.01
98 2.49 <0.05 181c 3.66 <0.001
181d 1.26 <0.05 183 9.11 <0.05
let-7a 1.59 <0.01 191 10.13 <0.05
let-7c¢ 1.56 <0.01 193a-5p 3.27 <0.01
let-7d 1.56 <0.05 193b 7.53 <0.01
let-7f 2.59 <0.05 199a-3p 3.78 <0.05
let-7g 1.25 <0.05 200c 9.96 <0.05
124 3.14 <0.05 205 5.04 <0.01
127-5p 1.87 <0.01 218 7.13 <0.05
133b 457 <0.05 301a 18.29 <0.01
142-5p 212 <0.05 335 5.66 <0.05
143 1.76 <0.05 378 9.92 <0.01
144 5.71 <0.001 let7b 3.48 <0.001
150 5.41 <0.05 let-7e 16.22 <0.01
206 5.91 <0.05 let-7i 7.67 <0.01
214 3.74 <0.05
222 1.99 <0.01
372 4.40 <0.001
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MCF-7-CXCR4 4 )
The authors declare no conflicts of interest.
microRNA Fold change p-Value
18b 1.89 <005 Supplementary materials related to this article can be found
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Abstract. The development of drug resistance represents a
major complication in the effective treatment of breast cancer.
Epigenetic therapy, through the use of histone deacetylase
inhibitors (HDACi) or demethylation agents, is an emerging
area of therapeutic targeting in a number of ontological enti-
ties, particularly in the setting of aggressive therapy-resistant
disease. Using the well-described HDAC inhibitor tricho-
statin A (TSA) we demonstrate the suppression of in vitro
clonogenicity in the previously described apoptosis-resistant
MCF-7TN-R breast carcinoma cell line. Additionally, recent
work has demonstrated that these agents can alter the expres-
sion profile of microRNA signatures in malignant cells. Using
an unbiased microRNA microarray analysis, changes in
miRNA expression of MCF-7TN-R cells treated with TSA for
24 h were analyzed. We observed significant up-regulation of
22 miRNAs and down-regulation of 10 miRNAs in response
to TSA treatment. Our results demonstrate that the HDACI,
TSA, exerts anticancer activity in the apoptosis-resistant
MCEF-7TN-R breast carcinoma cell line. This activity is corre-
lated with TSA alteration of microRNA expression profiles
indicative of a less aggressive phenotype.

Introduction
Despite significant advancement in the area of endocrine

therapies and chemotherapeutics, nearly half of breast cancer
patients exhibit de novo resistance, while the majority of
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remaining patients ultimately progress to drug resistance (1).
Drug resistant breast cancer is associated with poor prognoses
(2,3), highlighting the critical need to develop novel therapeutics
that are effective against these more aggressive forms of the
disease. Epigenetic alterations, including aberrant DNA methyla-
tion and histone deacetylation, participate in cancer development
and progression (4). Epigenetic aberrations lead to breast cancer
chemotherapy resistance (5,6); hence, their reversal by inhibi-
tors of DNA methylation and histone deacetylases (DNMTi
and HDACi) may overcome it and are at present undergoing
clinical testing, either alone or in combination with conven-
tional chemotherapies (7).

Histone deacetylases (HDACSs) and histone acetyltrans-
ferases (HATSs) have important roles in the maintenance and
function of chromatin by regulating the acetylation of histones.
In addition, these enzymes have recently been shown to regulate
the acetylation of many non-histone targets and therefore may
represent a key means of post-translational regulation beyond
their established roles in transcriptional regulation. The use
of HDAC: in the clinical setting is currently FDA-approved
only for the treatment of progressive or recurrent cutaneous
T-cell lymphoma following two other systemic therapies (8).
Biologically, HDACi induce growth arrest, differentiation and
cell death in breast cancer cells, but the underlying mechanism
warrants further investigation.

In addition to direct regulation of mRNA gene expres-
sion, HDACis have been shown to alter microRNA (miRNA)
expression in several human carcinomas including pancreatic
(9), colon (10,11), gastric (12) and breast (13). microRNAs are
small non-coding RNAs (18-22 nt) which function as an addi-
tional layer of regulation of mRNA stability and translation
through 3'-UTR targeting (14). Through their ability to target
the 3'-UTR of multiple genes, individual miRNAs can exert
vast effects on mRNA-protein expression in cells. In cancer,
miRNAs can function as tumor suppressors or oncogenes (15).
We examined the effects of the HDACI trichostatin A (TSA)
on the survival of the apoptotic-resistant MCF-7TN-R breast
carcinoma cell line, as well as its effects on miRNA expres-
sion.
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Table I. microRNA microarray results for MCF-7TN-R cells treated with TSA (10 uM) for 24 h.

ID Serial no. Average (TSA) Average (DMSO) p-value logFC
hsa-miR-215 990 498.33 323.67 0.001 1.46
hsa-miR-657 725 206.33 573.67 0.002 -1.13
hsa-miR-139 524 886.33 783.67 0.003 0.88
hsa-miR-155 544 192.67 176.33 0.005 0.73
hsa-miR-146b 1501 182.67 178.00 0.005 0.66
hsa-miR-645 1681 181.33 519.67 0.006 -1.27
hsa-miR-544 127 374.67 305.67 0.006 1.01
hsa-miR-194 1541 362.67 319.67 0.007 0.95
hsa-miR-628 696 190.67 371.67 0.007 -0.60
hsa-miR-144 1498 148.00 115.33 0.008 0.94
hsa-miR-144 530 154.67 110.67 0.008 1.10
hsa-miR-559 1112 128.67 111.67 0.008 0.74
hsa-miR-128b 511 868.00 905.00 0.009 0.62
hsa-miR-143 529 204.67 143.67 0.009 1.13
hsa-miR-568 1121 145.67 130.33 0.009 0.74
hsa-miR-769-5p 744 230.33 502.33 0.010 -0.69
hsa-miR-1 1461 226.00 130.33 0.010 1.48
hsa-miR-497 645 296.67 639.67 0.011 -0.66
hsa-miR-632 1668 217.33 603.00 0012 -1.12
hsa-miR-767-5p 1708 178.00 392.67 0.012 -0.73
hsa-miR-512-3p 660 155.33 362.67 0.013 -0.82
hsa-miR-191" 1537 206.67 138.33 0014 1.25
hsa-miR-191" 569 285.33 155.33 0.015 1.65
hsa-miR-155 1512 163.67 150.67 0.015 0.70
hsa-miR-613 1649 246.00 624.33 0016 -0.93
hsa-miR-202" 977 479.33 378.00 0016 1.05
hsa-miR-636 704 226.67 705.33 0.018 -1.20
hsa-miR-486 1600 192.00 129.67 0.019 1.21
hsa-miR-622 1658 181.33 401.67 0.019 -0.79
hsa-miR-215 22 469.00 289.00 0.020 1.61
hsa-miR-22 27 1007.33 568.33 0.021 1.82
hsa-miR-875-5p 903 139.67 103.33 0.024 0.99
hsa-miR-620 1656 210.00 127.33 0.024 136
hsa-miR-370 581 1265.67 1152.67 0.026 0.88
hsa-miR-200c 7 272.67 278.00 0.026 0.60
hsa-miR-638 706 1096.67 1021.00 0.026 0.85
hsa-miR-630 1666 140.33 129.00 0.028 0.71
hsa-miR-208 14 191.33 168.67 0.028 0.74
hsa-miR-526¢ 121 321.33 215.33 0.028 1.27
hsa-miR-643 711 138.33 268.33 0.029 -0.61
hsa-miR-651 719 142.33 332.67 0.029 -0.84
hsa-miR-149 537 733.67 711.00 0.031 0.71
hsa-miR-589 1880 150.67 137.00 0.032 0.77
hsa-miR-768-3p 1709 994 .33 1006.00 0.033 0.79
hsa-miR-22 995 935.67 635.00 0.035 1.65
hsa-miR-627 1663 133.67 102.00 0.035 0.96
hsa-miR-450 1588 270.67 571.33 0.036 -0.63
hsa-miR-620 688 198.33 136.67 0.036 1.17
hsa-miR-211 987 618.67 578.33 0.037 0.83

hsa-miR-346 84 625.33 604.67 0.041 0.77
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Table I. Continued.

ID Serial no. Average (TSA) Average (DMSO) p-value logFC
hsa-miR-1 493 256.00 184.67 0.041 1.11
hsa-miR-607 191 171.33 155.33 0.041 0.70
hsa-miR-153 1509 145.67 124.00 0.041 0.85
hsa-miR-621 1657 277.00 196.00 0.042 1.10
hsa-miR-668 1700 233.33 538.67 0.043 -0.74
hsa-miR-607 1159 105.33 254.00 0.043 -1.04
hsa-miR-129 1480 533.33 495.00 0.045 0.82
hsa-miR-335 76 175.67 134.00 0.045 0.96
hsa-miR-640 1676 188.67 447.00 0.047 -0.80
hsa-miR-524" 116 256.00 243.00 0.048 0.61
hsa-miR-663 731 681.33 757.67 0.049 0.60

Materials and methods

Cell generation and culture. The apoptotic-resistant
MCF-7TN-R cells were derived from MCF-7 cells grown in
increasing concentrations of tumor necrosis factor o (TNFa)
until resistance was established. Cells were maintained in
Dulbecco's modified Eagle's medium (DMEM) (Gibco) supple-
mented with 10% fetal bovine serum (FBS) (10% DMEM). The
detailed methods are described by Weldon ef al (16).

Clonogenicity assay. Colony survival assays were performed
as previously published (17). Briefly, cells were cultured in 10%
FBS-DMEM media. Cells were seeded at a density of 2,000
cells/well in 2 ml of media in 6-well plates. Cells were allowed
to adhere overnight at 37°C and treated on the following day
with vehicle (DMSO) or TSA (0.1, 1, 10 uM). After 10 days,
media was removed and the cells were fixed with gluteral-
dehyde. Cells were stained with crystal violet (0.1% in 20%
methanol) for visualization. Colonies >50 cells were manually
counted and treatments normalized to vehicle control. Assays
were run in quadruplicate with internal duplicates.

microRNA microarray analysis. MCF-TTN-R cells were plated
at a density of 2x10° cells in 25 cm? flasks in normal culture
media (DMEM media supplemented with 5% FBS, 1% peni-
cillin/streptomycin, 1% essential amino acids, 1% non-essential
amino acids and 1% sodium pyruvate) and allowed to adhere
overnight at 37°C, 5% CO, and air. The following day the
media was changed to phenol red-free media (supplemented
as above) and 5% charcoal-stripped serum was substituted
for the 5% FBS. Cells were treated with TSA (10 xM) or
DMSO for 24 h. Cells were harvested in PBS, collected by
centrifugation, and total RNA extracted using the miRNeasy
kit (Qiagen) according to manufacturer's protocol. Enrichment
for miRNA was not performed. Quantity and quality of RNA
was determined by absorbance (260, 280 nm), and 5 pg total
RNA was used for microarray analysis. Microarray analysis
was performed as we have previously described (18). Briefly, a
custom microarray (19) was used to determine miRNA expres-
sion, using three biological replicates for each condition (= TSA).
Low intensity probes (signal <100 in more than half samples)

were excluded from the analysis. Raw data was log-transformed
and normalized by IQR. Clustering of miRNA expression data
was performed using CLUSTER (20), with filtering to remove
inconsistencies between replicates. For clustering, we first log-
transformed the data and median-centered the array and genes,
followed by average linkage clustering. Clustering results were
visualized by TreeView (http://rana.lbl.gov/EisenSoftware.
htm). Full array data is shown in Table I.

Statistical analyses. Colony assays were analyzed by one-way
ANOVA with the Tukey's post-test (Graph Pad Prism V.4);
p<0.05 was considered to indicate statistically significant
differences. The Student's t-test was performed to evaluate the
statistical significance of the cluster selection. For microRNA
microarray data, the Welch's t-test was performed for each
probe using their normalized signals, with p-values <0.05
considered significant as previously described (21).

Results

TSA inhibits drug-resistant breast cancer cell clonogenic
survival. We have previously described the generation of the
MCF-7TN-R cells (16) which have acquired resistance to
TNFa- and TRAIL-induced cell death. These cells have been
characterized as highly aggressive and metastatic, and have
been developed as a model system of chemoresistant breast
carcinoma (22,23). To determine the effects of HDACi on
apoptotic and clonogenic survival, MCF-7TN-R cells were
treated with varying concentrations of TSA (0.1, 1 and 10 M)
or vehicle control (DMSO) for 10 days. MCF-7TN-R cells
treated with TSA at 10 xM for 10 days demonstrated a decrease
(p<0.01) in colony formation compared to vehicle-treated cells
(62.37+6.45%, Fig. 1).

TSA induces microRNA expression in MCF-7TN-R cells
indicative of tumor suppressive and anti-metastatic effects.
In human breast cancer, we and others have shown that
specific miRNAs are significantly altered, as compared with
normal breast tissue (21,24-26). Altered expression of specific
miRNAs has been associated with poor prognosis (27), as well
as breast cancer initiation, invasion and metastasis (28-31).
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Figure 1. TSA suppression of MCF-7TN-R cell clonogenic survival. MCF-
TTN-R cells were plated (2,000 cells/well) in 10% DMEM in 6-well plates
and allowed to adhere overnight. Twenty-four hours later the cells were
treated with vehicle (DMSO) or TSA (0.1, 1, 10 xuM) for 10 days. Colonies of
=50 cells were counted as positive. Bars represent mean percentage clono-
genic survival normalized to DMSO control cells = SEM. (“p<0.01).

The importance of miRNAs in these advanced breast cancer
phenotypes raises the question of their further involvement in
apoptotic resistance. Furthermore, based on the above result
demonstrating MCF-7TN-R growth-inhibition by TSA, we
performed microRNA microarray analysis of MCF-7TN-R
cells after treatment with TSA (10 uM for 24 h). As shown
in Fig. 2, a number of microRNA expression changes were
observed. In addition, the three biological replicates from
vehicle-treated MCF-7TN-R clustered together and separately
from TSA-treated cells, demonstrating high reproducibility
between biological repeats as well as differential microRNA
expression induced by TSA. Of the microRNAs significantly
altered by HDAC: treatment, 22 were up-regulated (Table II)
and 10 were down-regulated (Table III). Their predicted
(TargetScan and miRanda) or confirmed gene targets are
provided.

Discussion

Drug resistance, acquired or de novo, remains a major obstacle
in the treatment of cancer (1). Progression to resistance repre-
sents one of the hallmarks of aggressive carcinomas with
limited treatment options and poor prognoses (2,3). Epigenetic
therapies, including HDACI, provide a novel class of treatment
for therapeutically-resistant cancer patients (32), including
breast cancer (33). Here we demonstrate the ability of the
HDACI TSA to suppress in vitro clonogenic survival of the
apoptotically resistant MCF-7TN-R cells. This cell culture data
indicates that in progressive drug resistance or recurrent breast
carcinoma, the use of HDACis may exhibit greater inhibitory
effects on tumor cell survival. Numerous studies have analyzed
gene expression changes in response to HDACI, with the goal
of defining specific mechanisms of their anticancer activity
(34). Recent studies have also demonstrated the regulation of
microRNA expression changes in breast and other cancer cells
treated with HDAC:i alone (9,10,13,35), or in combination with
DNMTi (11,36-38). Overall, these studies revealed microRNA
expression profiles suggestive of a less aggressive and more
tumor-suppressive phenotype after treatment with epigenetic
therapies. Consistent with those studies, our microarray results
revealed that many of the microRNAs that were significantly
up-regulated (Table IT) following TSA treatment (compared to
control) have been characterized as having tumor suppressive

TSA DMSO
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Figure 2. TSA regulation of microRNA expression in MCF-7TN-R. Heatmap
of microRNA changes induced by treatment with TSA (10 M) after 24 h in
MCF-7TN-R cells. microRNAs demonstrating statistically significant changes
in expression are shown (p<0.01). Green indicates down-regulated expression
and red indicates up-regulated expression of microRNAs. Individual samples
are represented in columns while specific microRNAs are represented by rows
as labeled.

(miR-1, miR-143, miR-144, miR-191", miR-202", miR-486,
miR-559), anti-migration/anti-metastasis (miR-22, miR-139,
miR-194, miR-335), or anti-EMT (miR-215) roles in cancer.
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Table II. Up-regulated miRNA following TSA treatment.

microRNA Mean fold change p-value Description Gene targets (ref.)

hsa-miR-1 244 <0.05  Tumor suppressor cMET (39), TAGLN2 (40 41)

hsa-miR-22 2.69 <0.05  Anti-migration, cell cycle arrest MYCBP, MAX

hsa-miR-139 1.61 <0.05  Anti-metastatic, tumor suppressor ROCK2 (29), CDK6", HOXB2*

hsa-miR-143 1.94 <0.05  Tumor suppressor KRAS (42), BCL2 (43)

hsa-miR-144 1.97 <0.05  Tumor suppressor Notchl (44)

hsa-miR-153 1.70 <0.05  Tumor suppressor BCL2 (45)

hsa-miR-155 1.53 <001 OncomiR FOXO3A (46), SOCS1 (47),

FADD and IKKE (48)

hsa-miR-191" 2.51 <0.05  Tumor suppressor SPEN"

hsa-miR-194 1.70 <0.01 Tumor suppressor, anti-metastatic CDH2, HBEGF, RACI1 and IGFIR (49)

hsa-miR-215 2.26 <0.01 Anti-EMT, cell cycle arrest ZEB1/2 (50)

hsa-miR-202" 1.82 <0.05  Tumor suppressor TGFBR2", ROCK1"

hsa-miR-335 1.83 <0.05  Tumor suppressor, cell cycle arrest, RB1/p105 (51), SOX4 and TNC (28)
metastasis suppressor

hsa-miR-486 1.97 <0.05  Tumor suppressor CDA40 (52)

hsa-miR-526¢ 2.14 <0.05

hsa-miR-544 1.74 <0.01

hsa-miR-559 1.61 <0.05  Tumor suppressor ERBB?2 (53)

hsa-miR-568 1.59 <0.05

hsa-miR-620 231 <0.05

hsa-miR-627 1.93 <0.05

hsa-miR-638 1.55 <0.01

hsa-miR-641 2.02 <0.05

hsa-miR-888 1.76 <0.05

“Putative targets as indicated by TargetScan and miRanda.

Table III. Down-regulated miRNA following TSA treatment.

microRNA Mean fold change p-value Description (ref.) Gene targets (ref.)
hsa-miR-500 -1.90 <0.05 OncomiR (54)

hsa-miR-512-3p -1.59 <0.05 cFLIP (55)
hsa-miR-607 -1.68 <0.05

hsa-miR-613 -1.69 <0.05 LXR (56)
hsa-miR-622 -1.57 <0.05

hsa-miR-632 -1.86 <0.01

hsa-miR-636 -2.00 <0.05

hsa-miR-645 -2.03 <0.01 OncomiR (57)

hsa-miR-651 -1.60 <0.05

hsa-miR-657 -1.91 <0.01 IGF2R (58)

Only one known oncomiR, miR-155, was found to be increased
following TSA treatment, but with a mean fold change of 1.53
compared to control, this was the lowest change observed,
although statistically significant. Of the microRNAs identified
as significantly decreased (Table I1I) following TSA treatment
(compared to control), two have been identified as oncomiRs
(miR-500, miR-645) and three others have confirmed targets

involved in tumorigenesis (miR-512-3p, miR-613, miR-657).
Taken together, these data indicate that HDACi treatment may
promote an anti-tumor microRNA expression profile in the
apoptotically resistant cell line MCF-7TN-R, providing novel
therapeutic targets for the treatment of drug resistant breast
cancer.
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Abstract

Introduction: Of the more than one million global cases of breast cancer diagnosed each year,
approximately fifteen percent are characterized as triple-negative, lacking the estrogen,
progesterone, and Her2/neu receptors. Lack of effective therapies, younger age at onset, and
early metastatic spread have contributed to the poor prognoses and outcomes associated with
these malignancies. Here, we investigate the ability of the histone deacetylase inhibitor
Panobinostat (LBH589) to selectively target triple-negative breast cancer (TNBC) cell

proliferation and survival in vitro and tumorigenesis in vivo.

Methods: TNBC cell lines MDA-MB-157, MDA-MB-231, MDA-MB-468, and BT-549 were
treated with nanomolar (nM) quantities of LBH589. Relevant histone acetylation was verified
by flow cytometry and immunofluorescent imaging. Assays for trypan blue viability, MTT
proliferation, and DNA fragmentation were used to evaluate overall cellular toxicity. Changes in
cell cycle progression were assessed with propidium iodide flow cytometry. Additionally, gPCR
arrays were used to probe MDA-MB-231 cells for LBH589-induced changes in cancer
biomarkers and signaling pathways. Orthotopic MDA-MB-231 and BT-549 mouse xenograft
models were used to assess the effects of LBH589 on tumorigenesis. Lastly, flow cytometry,
ELISA, and immunohistochemical staining were applied to detect changes in CDH1 protein
expression and the results paired with confocal microscopy in order to examine changes in cell

morphology.

Results: LBH589 treatment increased histone acetylation, decreased cell proliferation and
survival, and blocked cell cycle progression at G2/M with a concurrent decrease in S phase in all
TNBC cell lines. Treatment also resulted in apoptosis induction at 24 hours in all lines except

the MDA-MB-468 cell line. MDA-MB-231 and BT-549 tumor formation was significantly



inhibited by LBH589 (10 mg/kg/day) in mice. Additionally, LBH589 up-regulated CDH1
protein in vitro and in vivo and induced cell morphology changes in MDA-MB-231 cells

consistent with reversal of the mesenchymal phenotype.

Conclusions: This study revealed that LBH589 is overtly toxic to TNBC cells in vitro and
decreases tumorigenesis in vivo. Additionally, treatment up-regulated anti-proliferative, tumor
suppressor, and epithelial marker genes in MDA-MB-231 cells and initiated a partial reversal of
the epithelial-to-mesenchymal transition. Our results demonstrate a potential therapeutic role of

LBH589 in targeting aggressive triple-negative breast cancer cell types.

Keywords: Panobinostat, LBH589, triple-negative breast cancer, xenograft, histone deacetylase

inhibitor, E-cadherin, CDHL1, epithelial-to-mesenchymal transition



Introduction

Over 200,000 new cases of invasive breast cancer are diagnosed in the United States each year
and approximately 40,000 of the patients diagnosed will die from the disease [1]. Breast cancers
are routinely classified by stage, pathology, grade and expression of estrogen receptor (ER),
progesterone receptor (PR) or human epidermal growth factor receptor (Her2/neu). Current
successful therapies include hormone-based agents that directly target these receptors [2, 3].
Triple-negative breast cancer (TNBC) is a heterogeneous subset of neoplasms that is defined by
the absence of these targets [4-6]. Approximately 15% of globally diagnosed breast cancers are
designated as ER-, PR- and Her2/neu-negative [1, 7, 8]. Studies have shown that tumors of this
aggressive subtype are of higher histological grade, affect a disproportionate number of young
women, and are more likely to recur earlier at distant sites, resulting in poor overall prognoses
[4, 5,9, 10]. To improve outcomes of TNBC, we must unravel its biological pathways and

modes of progression and use that knowledge to develop novel targets and therapies.

Histone deacetylase inhibitors (HDACIs) have emerged as a promising new class of
multifunctional anticancer agents [11, 12]. That promise lies in the ability of HDACIs to effect
multiple epigenetic changes in aberrant cells. In addition to regulating gene expression and
transcription through chromatin remodeling, HDACis can also modulate a variety of cellular
functions including growth, differentiation, and survival [13, 14] due, in part, to their ability to
enhance acetylation of a wide range of proteins, including transcription factors, molecular
chaperones, and structural components [11, 15, 16]. Specifically, HDACis have been linked to
several downstream effects in tumor cell lines which include: cell cycle arrest, induction of
apoptosis, inhibition of angiogenesis, activation or inactivation of tumor suppressor genes or

oncogenes, and decreased invasion and metastases [11, 12, 17].



Panobinostat (LBH589) is a potent pan-deacetylase inhibitor that can block multiple cancer
related pathways and reverse epigenetic events implicated in cancer progression [18]. HDACs
can be subdivided into two groups: zinc-dependent (Class I, 11, and IV) and zinc-independent
(Class 111) [19]. Panobinostat (LBH589) is a potent inhibitor with activity against Class I, 11, and
IV HDAC enzymes, suggesting true pan-HDAC activity [18]. In preclinical studies, LBH589
has shown potent inhibitory activity at low nanomolar concentrations across a wide range of
hematologic malignancies including lymphoma, multiple myeloma and acute myeloid leukemia
[20-22]. It is also being investigated as treatment against non-responsive solid tumors as well as
tumors of lung, thyroid, and prostate [23-26]. It has shown synergy with chemotherapeutics,
radiation, demethylators, proteasome inhibitors, and other agents [27-29]. Based on these
preclinical findings, LBH589 and other HDACIis have undergone a rapid phase of clinical
development with many entering clinical trials, both as single agents or in combination with
other therapies [12, 23, 30, 31]. To date, LBH589 has demonstrated favorable clinical responses,
with limited toxicity [23, 32, 33]. There is a critical need to develop pleiotropic therapies that
specifically target the neoplasm as well as the biological pathways and markers of TNBC
progression. The purpose of this study was to determine the ability of LBH589 to selectively
target the TNBC subtype of breast cancer cells, assessed by the effects on the growth, survival,
and tumorigenesis of a representative panel of TNBC cells. We also sought to characterize the
effects LBH589 on the regulation of breast cancer genes, related signaling pathways and

morphology.



Materials and Methods

Cell lines and reagents

Human TNBC (MDA-MB-157, MDA-MB-231, MDA-MB-468, BT-549), MDA-MB-361 and
HEK293T (human embryonic kidney) cell lines and were obtained from the American Type
Culture Collection (ATCC, Manassas, VA). MDA-MB-157, MDA-MB-231, and BT-549 cells
are characterized as triple-negative/basal-B mammary carcinoma, while the MDA-MB-468 cells
are characterized as triple-negative/basal-A mammary carcinoma. MDA-MB-361 cells are
characterized as ER-positive/PgR-negative, luminal mammary carcinoma. Liquid nitrogen
stocks were made upon receipt and maintained until the start of each study. MCF-7 cells,
characterized as ER-positive/PgR-positive luminal mammary carcinoma, were obtained from
frozen stocks routinely used in previous experiments [34]. The ER-positive/PgR-positive ZR-
75-1 human epithelial mammary ductal carcinoma cells were a generous gift of Dr. Brian Rowan
(Tulane University, New Orleans, LA). Cells were used for no more than 6 months after being
thawed with periodic recording of morphology and doubling times to ensure maintenance of
phenotype. Cells were maintained at 37°, 5% CO; in Dulbecco’s modified Eagle’s medium
(10% DMEM; Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Hyclone,
Salt Lake City, UT) and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA). LBH589 was
generously provided by Novartis Pharmaceutical Inc. (East Hanover, NJ). LBH589 was
dissolved in dimethyl sulfoxide (DMSO) (Invitrogen, Carlsbad, CA) as a 1 mM stock solution
and kept at -20 °C. The drug was diluted in culture media and used at various concentrations as

indicated.

Histone acetylation



TNBC cells were plated at 70% confluency in 10% DMEM and allowed to attach overnight.
Cells were treated with LBH589 (100nM, 200nM) or vehicle for 18 hours, then fixed,
permeabilized and stained with acetyl-histone H3 (Lys9) antibody /Alexa Fluor® 488 Conjugate
or acetyl-histone H4 (Lys8) antibody/ Alexa Fluor® 488 Conjugate (Cell Signaling Technology,
Danvers, MA), followed by rhodamine phalloidin, and DAPI (4',6-diamidino-2-phenylindole)
counterstain (Molecular Probes, Carlsbad, CA) per manufacturer’s instructions. Cells were
dually analyzed by BD LSR Il flow cytometer and BD Pathway 855 bioimaging confocal system
and images merged using BD Attovision™ Software (BD Biosciences, San Jose, CA). Data is
represented as mean fluorescence intensity (mean £ SEM) of two independent experiments with
internal triplicates.

MTT Cell Proliferation Assay

Proliferation was measured by MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) Cell Proliferation Assay, according to the manufacturer’s protocol (ATCC, Manassas,
VA). Briefly, cells were plated in 96-well flat bottom plates at a density of 5x10° per 100ul in
10% DMEM, allowed to attach overnight, and then treated with LBH589 (50, 100, 200 nM) or
vehicle for 24 hours. MTT reagent (10ul) was added to each well (final concentration 0.5
mg/ml) and the plate incubated at 37°C. After 4 hours, 100ul of solubilization solution (10%
SDS) was added to each well and the plate incubated for 2 hours. A matched control cell
standard curve using sequentially increased cell numbers was included on the plate for each
corresponding cell line to determine growth inhibition. The absorbance was read at 570nm on a
Synergy™ 4 Multi-Mode Microplate Reader and analyzed with Gen5™ Data Analysis Software
(BioTek, Winooski, VT). Data represented as mean percent vehicle treated cell proliferation +

SEM of triplicate experiments with internal triplicates.



Trypan blue viability assay

Cells were plated in 96-well plates at a density of 5x10° per 100l in 10% DMEM and allowed to
adhere overnight. Cells were treated with vehicle or LBH589 (50, 100, 200 nM) for 24 hours
and harvested by trypsinization. Cells were then stained with a trypan blue solution (0.04% w/v,
Invitrogen, Carlsbad, CA), and counted on a Cellometer Vision automated cell counter
(Nexcelom Bioscience, Lawrence, MA) per the manufacturer’s protocol. Cell viabilities are
represented as mean percent relative to matched, vehicle-treated cells + SEM of triplicate

experiments with internal triplicates.

Apoptosis

Analysis of apoptosis was carried out using the Cell Death Detection ELISA™-YS

according to the
manufacture’s protocol (Roche Applied Science, Germany). This quantitative DNA
fragmentation immunoassay uses monoclonal antibodies directed against histone-complexed
DNA. Briefly, cells (10* cells/well) were plated in 96 well plates overnight and treated for 24
hours with LBH589 (100, 200 nM) or vehicle control. After cell lysis and centrifugation, the cell
lysates were tested for histone-complexed DNA fragments. The absorbance was read at 405 nm
on a Synergy™ HT Multi-Mode Microplate Reader and analyzed with Gen5™ Data Analysis
Software (Bio-Tek, Winooski, VT). Apoptosis of the treated cells was expressed as mean

enrichment factor (treated cells over vehicle controls) + SEM of duplicate experiments with

internal triplicates.
Cell cycle analysis

For cell cycle analysis, TNBC cells were plated overnight in 10% DMEM and treated with

100nM LBH589 for 24 or 72 hours. Both floating cells and trypsinized adherent cells were



collected and combined for analysis. Cells were fixed by dropwise addition into ice cold ethanol
and stored at -20° overnight. Cells were then pelleted, washed, and stained for one hour with 50
ug/ml propidium iodide in PBS containing 0.1mg/ml ribonuclease A and 0.05% Triton X-100
(Sigma, St. Louis, MO). After gating to exclude debris, the DNA content was measured using a
LSR-I1 flow cytometer (BD Biosciences, San Jose, CA). Data was analyzed with ModFit LT
software (Verity Software House, Topsham, ME). Data represented as percent live cells of two
independent experiments.

Plasmid packaging and stable cell line generation

HEK293T cells were plated at 5.5 x 10° in a 10 cm dish in 10ml of 10% DMEM and allowed to
adhere overnight. The following day, the HEK293t cells were co-transfected with the pLEmIR
non-silencing turbo red fluorescent protein (tRFP) vector construct (9ug) and the trans-lentiviral
packaging mix and pLEX ™ transfer vector using the TransLenti Viral pLEX packaging system,
following the manufacturer’s instructions (Thermo Scientific, Waltham, MA). Virus was
harvested 48 hours post-transfection and stored at -80°C. TNBC cell lines were plated at 70%
confluence in 10 cm dishes with 10ml of 10% DMEM and allowed to adhere overnight. The
following day, cells were transduced with virus containing the pLEmiR tRFP vector (1:10
dilution) in serum-free media following manufacturer’s protocol. After 4 hours, the transduction
media was removed and replaced with 10% DMEM. After 24 hours, cells were treated with
puromycin (Invitrogen, Carlsbad, CA) to select for vector expression. The resultant stable

transfectants were designated as MDA-MB-231-tRFP and BT-549-tRFP.

Animal xenograft studies



Xenograft tumor studies were conducted as previously described [34]. In short, CB-17/SCID
female mice (4-6 weeks old) were obtained from Charles River Laboratories (Wilmington, MA).
The animals were allowed a period of adaptation in a sterile and pathogen-free environment with
food and water ad libitum. MDA-MB-231-tRFP and BT-549-tRFP cells were harvested in the
exponential growth phase using a PBS/EDTA solution and washed. Viable cells (5 x 10%) in 50
pl of sterile PBS suspension were mixed with 100ul reduced growth factor Matrigel (BD
Biosciences, Bedford, MA) and injected bilaterally into the inguinal mammary fat pad. On day
three post cell injection, mice were randomized into treatment groups of five mice each: (vehicle
control or 10 mg/kg LBH589). Beginning on day 14 post cell injection, animals received
intraperitoneal (i.p.) injections of the corresponding drug treatment on a 5-day on and 2-day off
schedule for 28 days [18]. Tumor size was measured with a digital caliper and calculated using
the formula 4/3nLS? (L=larger radius, S=smaller radius). At necropsy, animals were euthanized
by cervical dislocation following CO, exposure. Tumors, livers, lungs, and brains were removed
and snap frozen or fixed in 10% formalin for future analysis. All procedures involving animals
were conducted in compliance with State and Federal laws, the U.S. Department of Health and
Human Services, and guidelines established by Tulane University Animal Care and Use
Committee. The facilities and laboratory animals program of Tulane University are accredited

by the Association for the Assessment and Accreditation of Laboratory Animal Care.
Human breast cancer quantitative reverse transcription real-time PCR array

Human Breast Cancer and Estrogen Receptor Signaling RT? Profiler™ PCR Arrays (PAHS-005)
were obtained from SABiosciences (Frederick, MD). MDA-MB-231, MCF-7, and MDA-MB-
468 cells were plated in 10% DMEM at 70% confluency and treated with 200nM LBH589 or

vehicle for 24 hours. Cells were harvested by trypsinization and total RNA was isolated using the
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RNeasy kit, per manufacturer’s instructions (Qiagen, Valencia, CA). The quantity and quality of
the RNA were determined by absorbance at 260 and 280 nm using the NanoDrop ND-1000
(NanoDrop, Wilmington, DE). Total RNA (1.5 pg) was reverse-transcribed using the RT? First
Strand cDNA synthesis kit, following the manufacturer’s protocol (SABiosciences, Frederick,
MD) and then assayed via an optimized, quantitative reverse transcription real-time PCR (qPCR)
array to assess LBH589-associated changes in the expression of 84 genes related to breast cancer
regulation and estrogen receptor-dependent signal transduction, according to the manufacturer’s
protocol. Biological triplicates were run for each sample.

CDHL1 flow cytometry and immunofluorescent imaging

MDA-MB-231 cells were plated at 70% confluency in 10% DMEM and allowed to attach
overnight. Cells were then treated with LBH589 (100 nM) or vehicle for 24 hours. Cells were
harvested by gentle pipetting (PBS with 5% FBS), fixed, and stained with Alexa Fluor® 488-
conjugated CDH1 (E-cadherin) antibody (BD Biosciences, San Jose, CA). The expression of
CDHL1 protein was determined by flow cytometry on a BD LSRII instrument. Data represented
as mean percent E-cadherin positive cells + SEM of duplicate experiments with internal
triplicates. Paired cells were seeded on BD Falcon 96-well black imaging plates. Staining is
represented by the following colors: Green = CDH1, Red = phaloidin, Blue = DAPI nuclear
stain. Confocal immunofluorescent images were captured on the BD Pathway 855 Bioimaging

system and merged using BD Attovision™ software (BD Biosciences, San Jose, CA).
ELISA for CDH1

MDA-MB-231 cells (10° cells/well) were plated overnight in 6-well plates and then treated for

24 hours with LBH589 (100 nM) or vehicle control. Five volumes of ice-cold lysis buffer (20

11



mM Tris-HCI, pH 7.5/150mM NaCl/1 mM EDTA/1 mM EGTA/1% Tween 20) supplemented
with protease inhibitor tablets (Roche Diagnostics, Indianapolis, IN) was added to each well.
Cell lysates were mechanically dissociated and centrifuged (10,000 x g for 15 minutes at 4°C),
and then diluted 1:1 with calibrator diluent. CDH1 levels were then determined by human
CDH1 ELISA per the manufacturer’s instructions (R&D Systems, Minneapolis, MN). The
absorbance was read at 450 nm on a Synergy™ HT Multi-Mode Microplate Reader (Bio-Tek,
Winooski, VT). Data represented as mean pg/ml of CDH1 + SEM of duplicate experiments with

internal triplicates.
Immunohistochemical staining

Representative sections of tumor with adjacent tissues were fixed in 10% neutral buffered
formalin for 24 to 36 hours. Paraffin-embedded sections were prepared at 4 um thickness
followed by standard hematoxylin and eosin (H&E) staining. Additional sections were manually
deparaffinized in xylene, rehydrated in a series of graded ethanol solutions, boiled in10mM
sodium citrate buffer (pH 6.0) for 10 minutes, then cooled for 20 minutes for antigen retrieval.
Sections were blocked for 30 minutes with 10% normal goat serum (Invitrogen, Carlsbad, CA),
incubated overnight in a 4° humidified chamber with rabbit anti-E-cadherin (Abcam, UK) at 1:30
dilution, followed by 1 hour incubation with Alexa Fluor® 488 goat anti-rabbit secondary
(Invitrogen, Carlsbad, CA). Fluorescent images were captured on a Nikon TE2000 inverted
microscope with IPLab software (BD Biosciences, Rockville, MD).

Statistical analyses

Statistical analyses were carried out with GraphPad Prism software (Graph-Pad Software, Inc.,

San Diego, CA). Studies involving more than two groups were analyzed by one-way analysis of
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variance (ANOVA) followed by Tukey’s post-hoc multiple comparison tests. All others were

subjected to unpaired Student’s t-test, with p<0.05 considered statistically significant.

Results

LBH589 induces histone acetylation

To verify the effects of LBH589 as a relevant histone deacetylase inhibitor, four TNBC cell

lines, MDA-MB157, MDA-MB-231, MDA-MB-468, and BT-549, were treated with increasing
concentrations of the drug (100-200nM) and assayed after 18 hours by flow cytometry for
antibodies to acetylated histones H3 and H4. As can be seen in Figures 1A-1B, LBH589 induced
hyper-acetylation of histones H3 (Lys9) and H4 (Lys8) in all four tested TNBC cell lines, as seen
in Figures 1A and 1B, respectively (***, p <0.001). MDA-MB-468 cells were the least
responsive to LBH589 with a 2.1-fold change compared to vehicle treated cells. Additionally,
three color confocal immunofluorescence imaging was conducted to visually confirm the
increased accumulation of acetylated histones H3 (Figure 1C) and H4 (Figure 1D) in the

LBH589-treated cells.

LBH589 cytotoxicity in TNBC cell lines

To determine the effect of LBH589 on cell proliferation and survival in vitro, three ER-positive
and four TNBC cell lines were treated with increasing doses (50, 100, 200 nM) of drug for 24
hours. LBH589 induced a significant dose-dependent decrease in proliferation in all four tested
TNBC cell lines, as assayed by MTT metabolism (Figure 2A). At 200nM, all TNBC cells had
greater than 40% reduction in proliferation compared to vehicle treated cells (p < 0.001). In
contrast, growth of ER-positive cell lines (MCF-7, ZR-75-1, and MDA-MB-361) was not
significantly affected by LBH589. In order to confirm the accuracy of the MTT assay, trypan
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blue assays were also conducted as a measure of membrane integrity (Figure 2B). Again, cell
viability was significantly decreased in the TNBC cell lines at all doses compared to vehicle
controls, with a greater than 25% decrease in cell viability observed at 200nM in all TNBC cell
lines (p < 0.001). As with the MTT assay, LBH589 treatment did not affect ER-positive cell

viability as measured by trypan blue.

Effects of LBH589 on cell cycle progression were analyzed by propidium iodide flow cytometry
at 24 and 72 hours. LBH589 (100nM) induced G2/M cell cycle arrest, as evidenced by
accumulation of cells in G2/M, with concurrent decrease in S phase peaks in all four tested
TNBC cell lines (Table 1). Treatment also induced a time-dependent increase in sub-G/debris

fraction in all four TNBC cell lines (data not shown).

LBH589-induced apoptosis, as measured by DNA fragmentation, was assessed at 24 hours in the
TNBC cell lines. A clear induction of apoptosis was apparent at 100nM and 200nM
concentrations in three of the four tested TNBC cell lines (p < 0.001), with a mean increase of
304 £ 0.78% at 200nM (Figure 3A). Enrichment was not significant in the MDA-MB-468 cell
line at this time point. Visual evidence of LBH589-induced apoptosis (arrows) is presented in

the panel of confocal immunofluorescence images shown in Figures 3B.
LBH589 targets tumor growth in vivo

To determine if the anti-cancer effects of LBH589 observed in vitro translated to decreased
tumorigenesis in vivo, immunocompromised female mice were orthotopically inoculated with
MDA-MB-231 (Figure 4A) or BT-549 (Figure 4B) cells (5x10° cells/site, bilaterally) and treated
with LBH589 or vehicle control. Treatment with LBH589 (10mg/kg/day, 5 days/week) resulted

in significant decreases in tumor volume with 3- to 4-fold (BT549 and MDA-MB-231,
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respectively) inhibition of tumor volumes compared to controls by day 41 (28 days post
treatment, p < 0.001). There was no overt toxicity, as measured by weight loss, noted at this
dose and treatment schedule.

LBH589 regulates breast cancer genes and estrogen signaling pathways.

To reveal possible molecular mechanisms and signaling pathways involved in TNBC cell
response to LBH589, MDA-MB-231 cells were treated for 24 hours and analyzed with the
Human Breast Cancer and Estrogen Receptor Signaling RT? Profiler™ PCR Array
(SABiosciences Frederick, MD). As shown in Supplemental Table 1, thirty-five of the eighty-
four representative genes were significantly altered at least 2-fold (p<0.05). Specifically,
expression of twenty-four genes was up-regulated while expression of eleven genes was
suppressed. Of particular interest was the 31-fold increase in the documented epithelial cell
marker/tumor suppressor, CDH1 (E-cadherin) [35]. Also noted were decreases in the

proliferation marker MKI67 and upregulation of the tight-junction protein, claudin-7.

To further investigate whether the above LBH589-induced changes were specific to the basal-B
subtype, MDA-MB-468 (basal-A) and MCF-7 (luminal) cell lines were also tested by Human
Breast Cancer and Estrogen Receptor Signaling RT? Profiler™ PCR Array following 24 hours of
LBH589 treatment. The representative heat map illustrates the changes in gene expression of all
three cell lines following LBH589 treatment as compared to MDA-MB-231 vehicle treated cells
(Figure 5). Supplemental Table 2 shows the twenty-four significantly altered genes in the MDA-
MB-468 cells following LBH589 treatment (p<0.05), with nineteen up-regulated and five genes
down-regulated. Of the up-regulated genes, many are known to be involved in the promotion of
cell proliferation, survival, and tumor progression (CCNAL, CCNEL, FOSL1, ITGB4, PAPPA,

RAC2, SERPINBS5), while only three tumor suppressive genes (CDKN1A, SPRR1B, THBS1)
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were increased by LBH589 in the MDA-MB-468 cell system. Supplemental Table 3 shows the
thirty-four genes significantly altered by LBH589 in MCF-7 cells (p<0.05). Of these altered
genes, twenty-four were up-regulated while ten genes were down-regulated. Again, many of the
up-regulated genes have known roles in cell proliferation, survival, and tumorigenesis (CCNA1,
FGF1, ITGA6, KLF5, SERPINEL, SLC7AS5) in the MCF-7 cells. Additionally, the well known
metastasis suppressor NME1 was decreased by LBH589 in these cells. Overall, these array data
reveal a profile consistent with a less aggressive, and more favorable prognostic profile for
MDA-MB-231 cells treated with LHB589, while the less biologically sensitive MDA-MB-468
and MCF-7 cell lines display a less clear cut picture for LBH589-induced gene expression in
cells of the basal-A and luminal subtypes. LBH589 induces changes in morphology and CDH-

1 expression of MDA-MB-231 cells consistent with reversal of EMT.

To assess potential LBH589-induced changes in morphology and cytoskeletal protein expression
in mesenchymal cells, MDA-MB-231 cells were treated with LBH589 (100 nM) for 24 hours
and analyzed. Figure 6A shows a significant increase of CDH1-positive cells in LBH589 treated
cells compared to control (48.5 £ 2.3 % to 9.70 + 0.569 %, respectively; p < 0.001). In
confirmation, cells were also assayed by ELISA, which showed a 1.6-fold increase in CDH1
protein levels over controls (Figure 6B, p<0.001). These results are consistent with our gPCR
array finding of 31-fold up-regulation of CDH1 expression in MDA-MB-231cells (Table 2).
MDA-MB-231 cells also exhibited partial reversal of the mesenchymal phenotype, as evidenced
by a shift from spindle shaped cells with visible actin stress fibers to predominantly
cuboidal/spherical forms with cortical actin patterns [36-38], following 24 hour treatment with

LBH589 (Figures 6C). To determine if the in vitro up-regulation of CDH1 also occurred in vivo,
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MDA-MB-231 primary tumor sections were stained for CDH1. As can be seen in Figure 7, there

is increased CDH1 staining along the periphery of the LBH589 treated tumor.

Discussion

In recent years, an increasing number of HDACIs have been identified, developed, and advanced
to clinical trials [39-40]. LBH589 has shown potent activity at low nanomolar concentrations
across a wide range of hematologic malignancies and solid tumors in preclinical studies [20-22,
41]. Others have demonstrated that HDACi treatment can suppress oncogenes and induce re-
expression of previously silenced tumor suppressors and receptors such as the ER [24, 42-44].

In addition to its single agent effects, recent studies have demonstrated a role for LBH589 in
resensitizing cancer cells to other agents including chemotherapy [45], radiation [46], autophagy
inhibitors [47], and endocrine therapies including tamoxifen [48] and letrozole [49]. In
consideration of the promising results reported by others, we endeavored to determine whether
LBH589 would be effective against a panel of breast cancer cell lines that display common
characteristics of the triple-negative subtype.

In this study, we utilized MDA-MB-157, MDA-MB-231, MDA-MB-468, and BT549 cell lines
as models of TNBC growth and progression. In confirmation of other preclinical research [20,
24,42, 44, 50, 51], we found that LBH589 induced hyperacetylation of histones H3 and H4,
decreased proliferation and survival, and induced apoptosis and G2/M cell cycle arrest. The
MDA-MB-231 and BT549 lines were chosen as models for our in vivo xenograft studies using
CB-17/SCID mice. Treatment with LBH589 decreased MDA-MB-231 and BT549 tumor
significantly with minimal animal toxicity, providing preclinical data on the effectiveness of

LBH589 on TNBC tumorigenesis at a low and well tolerated dose.
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The LBH589-induced effects on cell proliferation and survival appear to be TNBC cell specific
as the ER-positive cell lines tested were unaffected at all doses tested (up to 200 nM), contrary to
previously published work which reported LBH589 significantly inhibited cell survival and
induced cell death in ER-positive and ER-negative breast cancer cell lines [44, 47]. We propose
that the more aggressive, highly proliferative nature and invasive phenotype of TNBC cells
render them particularly susceptible to the effects of LBH589. Of the four TNBC cell lines
tested, the MDA-MB-468 cells were the most resistant to hyper-acetylation and DNA
degradation by the drug. This is interesting as this cell line is the most phenotypically different
(spherical morphology) and least invasive of the four tested cell lines. The MDA-MB-157,
MDA-MB-231, and BT549 lines have been classified as basal-B [52], with the MDA-MB-231
and BT-549 cell lines specifically classified as mesenchymal (stellate), claudin-low, and highly
invasive [53-56]. The MDA-MB-157 cells are classified as mesenchymal, claudin-low, and
moderately invasive [52]. Clinically, the majority of claudin-low tumors are of the triple-
negative subtype and are associated with poor overall prognoses [53]. However, MDA-MB-468
cells have been characterized under the basal-A subtype, as they possess both basal (triple-
negative) and luminal (spherical morphology) characteristics and are only minimally invasive
[52]. Additionally, super array data comparing LBH589-induced gene expression changes
between LBH589-sensitive (MDA-MB-231, basal-B) and LBH589-insensitive (MDA-MB-468,
basal-A; MCF-7, luminal) cells revealed several changes specific to the basal-B subtype (see
bolded genes in Supplemental Table 1). These ten genes included known regulators cell
proliferation (FOSL1, STC2, TGFA, THBS2) and apoptosis (FAS, FASLG), as well as
angiogenesis (TNFAIP2). Additionally, many of the genes altered by LBH589 specifically in

MDA-MB-231 cells have documented roles in cell invasion and metastasis including CDH1,
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CLDN7, FOSL1, PLAU, STC2, and TGFA. These data support the role of the selective effects
of LBH589 observed on the basal-B cell lines compared to the other subtypes tested.
Interestingly, superarray data identified CDH1 as being the most induced gene by LBH589
treatment specifically in MDA-MB-231 cells, as these cells are characterized as mesenchymal,
thus lacking significant CDH1 expression. The TNBC subtype is exemplified by its highly
aggressive and metastatic nature. A known key step in the process of metastasis is the epithelial-
to-mesenchymal transition (EMT). This oncogenic EMT is typified by increased invasion and
metastatic dissemination, therapeutic resistance and loss of expression of tumor suppressors such
as CDH1 [57, 58]. Studies have demonstrated that EMT and the resultant loss of CDH1
expression are crucial steps in tumor progression and correlate with poor clinical outcomes [59-
61]. In confirmation of our in vitro data on CDH1 up-regulation, we also noted an increase in
CDHZ1 on the periphery of the primary tumor from our MDA-MB-231 xenograft model.
Decreased CDH1 expression at the tumor periphery has been linked to increased metastasis-risk
and decreased overall patient survival [62]. Induction of CDH1 expression by LHB589 at the
invasive edge may therefore be indicative of decreased metastatic potential. LBH589-induced
re-expression of CDH1, along with other morphological features, indicates the partial reversal of
EMT, a target of enormous potential particularly in the TNBC subtype. This suggests LBH589 as
a promising therapeutic option for the more aggressive, TNBC/basal-like breast cancer subtypes.

Conclusions

Our results illustrate the ability of LBH589 to hyperacetylate histones, inhibit proliferation and
survival, and decrease in vivo tumorigenesis of TNBC cells. Our in vitro data suggest that this
cytotoxicity is partially due to cell cycle arrest and apoptosis. Also noted in treated cultures was

an apparent partial reversal of the mesenchymal phenotype evidenced by increased CDH1
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protein expression and morphology changes in MDA-MB-231 cells. This increased CDH1 was
confirmed with measured upregulation of the CDH1 staining at the primary tumor periphery in
our xenograft model. Overall, our results affirm the efficacy and demonstrate a potential

therapeutic role of LBH589 in targeting aggressive triple-negative breast cancer cell types.
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BT-549-tRFP
CDH1
DAPI
10%DMEM
DMSO
ELISA
EMT

ER

HDAC
HDACI
H&E
Her2/neu
i.p.
LBH589

MDA-MB-231-tRFP

MT3
MTT
nM
PR
gPCR
SCID

TNBC

BT-549 turbo red transfectant

Cadherin-1, E-cadherin

4' 6-diamidino-2-phenylindole.

Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum
Dimethyl sulfoxide

Enzyme-linked immunosorbent assay
Epithelial-to-mesenchymal transition

Estrogen receptor

Histone deacetylase

Histone deacetylase inhibitor

Hematoxylin and eosin

Human epidermal growth factor receptor 2

Intraperitoneal

Panobinostat

MDA-MB-231 turbo red transfectant

Metallothionein 3
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Nanomolar

Progesterone receptor

Quantitative reverse transcription real-time polymerase chain reaction
Severe combined immunodeficiency

Triple-negative breast cancer
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Figure Legends

Figure 1. LBH589 increases histone H3 (Lys9) and H4 (Lys8) acetylation in TNBC cell
lines. Cells were treated with LBH589 (100, 200nM) or vehicle (DMSO) for 18 hours, fixed,
permeabilized and stained for acetyl-histones (A) H3 (Lys9) or (B) H4 (Lys8) and subjected to
flow cytometry. Data is presented as mean fluorescence intensity (mean + SEM) of two
independent experiments, (***, p<0.001). (C-D) Confocal images of TNBC cell lines treated
with LBH589 (100nM) or vehicle for 18 hours, fixed, permeabilized and stained red [Rhodamine
Phalloidin] for actin filaments and green [Alexa Fluor® 488] for acetyl-histones (C) H3 (Lys9)

or (D) H4 (Lys8). Original magnification was 400x with scale bars at 20 microns.

Figure 2. LBH589 decreases TNBC cell proliferation and viability. Cells from four TNBC
cell lines (MDA-MB-157, MDA-MB-231, MDA-MB-468, BT549) and three ER-positive cell
lines (MCF-7, MDA-MB-361, ZR-75) were treated with LBH589 (50, 100, 200 nM) or vehicle
(DMSO) for 24 hours and assayed by (A) MTT proliferation and (B) trypan blue exclusion
assays. Data is represented as percent control (mean + SEM) of three independent experiments,

(**, p<0.01; ***, p<0.001).

Figure 3. LBH589 induces apoptosis in TNBC cells. (A) TNBC cells treated with LBH589
(100, 200nM) or vehicle (DMSO) for 24 hours were assayed by DNA fragmentation (Cell Death
ELISA) assay to assess changes in apoptosis. Data is presented as enrichment (mean + SEM)
versus control of two independent experiments (***, p<0.001). (B) Representative confocal
images show presence of apoptotic bodies (arrows) in LBH589 treated MDA-MB-157, MDA-

MB-231, and BT-549 cells at 18 hours. Cells stained red [rhodamine phalloidin] for actin
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filaments, green [Alexa Fluor® 488] for acetyl-histone H3 (Lys9), and blue for DAPI nuclear

stain. Original magnification is 400x with scale bars at 20 microns.

Figure 4. Effect of LBH589 on tumor growth in MDA-MB-231 and BT549 xenograft
models. Female, CB-17/SCID mice (n=5/group) were injected with (A) MDA-MB-231-tRFP or
(B) BT-549-tRFP cells (5x10° cells/injection) bilaterally into the inguinal mammary fat pad. On
day 14, mice were treated intraperitoneally (i.p.) with LBH589 (10mg/kg) or vehicle (1:20
DMSO in normal saline) 5 days/week for 28 days. Data points represent average tumor volume

+ SEM, (***, p<0.001).

Figure 5. Heat Map of LBH589-induced gene expression changes in MDA-MB-231, MDA-
MB-468, and MCF-7 cells. MDA-MB-231, MDA-MB-468, or MCF-7 cells were treated for 24
hours with LBH589 (100nM) or vehicle (DMSQO) and then assayed via the Human Breast Cancer
and Estrogen Receptor Signaling RT? Profiler™ PCR Array. Red signifies up-regulation and
green signifies down-regulation by LBH589 compared to MDA-MB-231 vehicle treated
controls. Data is representative of three independent experiments. Genes regulated at least 2-fold
are also summarized in Supplemental Tables 1 (MDA-MB-231), 2 (MDA-MB-468) and 3

(MCF-7).

Figure 6. LBH589 up-regulates CDH1 expression and initiates EMT reversal in MDA-MB-
231 Cells. MDA-MB-231 cells were plated overnight and treated with LBH589 (100nM) or
vehicle (DMSO) for 24 hours. The expression of CDH1 was examined by (A) flow cytometry
and (B) ELISA. Data is represented as mean = SEM of two independent experiments, (***,
p<0.001). (C-E) MDA-MB-231 morphology changes were assessed in vehicle and LBH589

(100nM) treated cells with 3-color fluorescence staining on a BD Pathway 855 Bioimager. (C)
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Control and (D-E) LBH589 treated cells were stained red [rhodamine phalloidin] for actin
filaments, green [Alexa Fluor® 488] for acetyl-histone H3 (Lys9), and blue [DAPI] nuclear
counter stain. Partial reversal of EMT in treated cells is indicated by presence of
cuboidal/spherical cells (arrows). (E) 2-fold magnification of field with normal untransformed
mesenchymal cell and transformed spherical cells. Original magnification is 400x with scale bars

at 20 microns.

Figure 7. LBH589 increases CDH1 expression in MDA-MB-231 primary tumors.

Control and LBH589 treated, formalin-fixed mammary fat pad sections from MDA-MB-231-
tRFP injected CB17-SCID mice were stained for hematoxylin and eosin (left column) or anti-
human CDH1 (1:30; right column) followed by Alexa Fluor® 488 secondary antibody. Original

magnification was 100x with scale bars at 200 microns.

Additional Files:

Supplemental Table 1 - LBH589 induced expression changes of breast cancer related genes in
MDA-MB-231 cells.

Supplemental Table 2 - LBH589 induced expression changes of breast cancer related genes in
MDA-MB-468 cells.

Supplemental Table 3 - LBH589 induced expression changes of breast cancer related genes in
MCF-7 cells.
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Tablel. Effect 100nM LBH589 on Cell cycle percentage of TNBC cells.

LBH589 G0/G1 S G2/M

MDA-MB-157 R 24h 61.72 2168  16.59
+ 24h 64.3 10.83  24.87

_ 72h 5221 2553  22.26

+ 72h 54.14 9.48 36.37

MDA-MB-231 _ 24h 86.74 6.03 7.23
+ 24h 33.04 0.5 66.46

_ 72h 57.05 24.7 18.25

+ 72h 37.75 2.33 59.92

MDA-MB-468 _ 24h 54.07 3029  15.64
+ 24h 51.55  17.01  31.44

_ 72h 53.45  34.81 1174

+ 72h 5267 1678  30.55

BT-549 R 24h 37.66 2657 3577
+ 24h 39.76 8.61 51.63

_ 72h 36.42  27.08  36.49

+ 72h 42.93 3.95 53.13

Data (percent gated cells) representative of two independent experiments.
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Supplemental Table 1. LBH589 induced expression changes of breast cancer related genes
in MDA-MB-231 cells.

Gene Fold Change p-value Gene Fold Change p-value
C3 14.2811 0.000787 JUN 2.0972 0.018841
CCNA1 2.1187 0.000251 KRT19 3.0201 0.004639
CCNA2 -7.9516 0.000263 MKI67 -5.3952 0.003995
CCND1 -2.3645 0.008124 MT3 87.5637 0.000006
CDH1 31.5314 0.000109 NGFR 5.9384 0.001183
CLDN?7 2.8327 0.036800 PLAU -3.6183 0.004041
CLU 4.833 0.021822 PTGS2 3.9591 0.000003
DLC1 2.4499 0.018090 SCGB2A1 2.8009 0.012118
ESR2 3.1422 0.038547 SERPINBS 16.6616 0.000233
FAS -2.5629 0.000034 SERPINE1 3.6917 0.008257
FASLG 9.1408 0.010602 STC2 5.3278 0.001767
FOSL1 -2.7357 0.000378 TFF1 3.6224 0.003828
GATA3 -2.6459 0.012088 TGFA -2.0492 0.008134
GSN 3.2493 0.000240 THBS2 13.9506 0.000027
ID2 15.6074 0.001580 TNFAIP2 -3.0531 0.037264
IGFBP2 12.9484 0.021366 TOP2A -3.5808 0.010860
IL6 2.7785 0.000187 TP53 -5.7928 0.004610
IL6R 4.7075 0.002408

Data (expressed as fold change vs. controls) representative of three independent experiments
(p<0.05). Up-regulated genes are in red, down-regulated genes are in blue.



Supplemental Table 2. LBH589 induced expression changes of breast cancer related genes
in MDA-MB-468 cells.

Gene Fold Change p-value Gene Fold Change p-value
CCNA1 25.69 0.004405 MT3 2.58 0.047406
CCNA2 -2.89 0.000510 MUC1 -3.26 0.004271
CCNE1 2.06 0.034962 NGFR 8.25 0.001621
CDKN1A 4.57 0.001671 PAPPA 3.46 0.002328
COL6A1 9.08 0.000665 RAC2 2.28 0.023474
CYP19A1 10.69 0.001384 SCGB1D2 -10.05 0.000329
FOSL1 3.88 0.009441 SERPINBS 3.29 0.011926
IGFBP2 3.87 0.005641 SERPINE1 9.40 0.004054
IL6 36.21 0.000351 SPRR1B 10.61 0.000177
IL6R 4.32 0.012499 TFF1 7.29 0.002060
ITGB4 3.15 0.001689 THBS1 2.08 0.001811
MKI67 -2.66 0.005104 TOP2A -2.85 0.047559

Data (expressed as fold change vs. controls) representative of three independent experiments
(p<0.05). Up-regulated genes are in red, down-regulated genes are in blue.



Supplemental Table 3. LBH589 induced expression changes of breast cancer related genes

in MCF-7 cells.

Gene Fold Change p-value Gene Fold Change p-value
C3 221.67 0.036263 JUN 3.90 0.028618
CCNA1 133.37 0.011505 KLF5 2.93 0.043037
CCNA2 -11.71 0.000044 KLK5S 6.48 0.015973
CCND1 -5.47 0.041624 KRT19 2.22 0.027859
CDKN1A 7.16 0.000022 MKI67 -8.09 0.001231
CLU 8.79 0.000165 MT3 13.03 0.035126
COL6A1 2.91 0.002925 NGFR 87.64 0.012465
DLC1 2.46 0.021622 NME1 -2.19 0.006751
ESR1 -4.13 0.000053 PGR -2.02 0.035412
ESR2 3.18 0.038440 PTGS2 4.76 0.024590
FGF1 2.63 0.013574 SCGB1D2 7.01 0.019844
GSN 3.40 0.000614 SCGB2A1 106.52 0.005723
HMGB1 -4.49 0.003741 SERPINBS 32.51 0.005101
ID2 4.90 0.005877 SERPINE1 43.76 0.001627
IL6 26.13 0.000382 SLC7A5 2.70 0.005534
IL6R -2.44 0.012947 TOP2A -2.75 0.008773
ITGA6 4.07 0.006897 TP53 -12.06 0.006725

Data (expressed as fold change vs. controls) representative of three independent experiments
(p<0.05). Up-regulated genes are in red, down-regulated genes are in blue.
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